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ABSTRACT 

Mass and volumetric cons t r a in t s  d i c t a t e d  t h a t  t h e  Voyager Spacecraft  
sc ience  instrument package be located within 40 c m  of t h e  TE-M-364-4 
Sol id  Motor e x i t  plane. 
away from t h e  nozzle cen te r l ine ,  t he re  w a s  s t i l l  concern about t h e  flow 
from t h e  subsonic boundary l a y e r  overheating and contaminating the  
instrument su r faces .  Preliminary est imates  indicated t h a t  plume 
s h i e l d s  would have t o  be employed, but  add i t iona l  information w a s  
required f o r  design. 
estimate t h e  mass f lux.  Standard Method of C h a r a c t e r i s t i c  so lu t ions  
are n o t  v a l i d  a t  l a r g e r  angles and scaled MOLSINK test da t a  seemed t o  
i n d i c a t e  unacceptably high levels. The buildup of flow along t h e  
plume s h i e l d  sur face  and t h e  amount t h a t  would flow around t h e  edge 
of t h e  s h i e l d  and impinge on t h e  instruments a l s o  had t o  be calcu- 
l a t ed .  
Carlo program. Confirmation w a s  then obtained with plume instrumen- 
t a t i o n  during the  f i r s t  Block V launch. This paper discusses  t h e  
plume model, appl icable  MOLSINK test r e s u l t s ,  t h e  TRW predic t ions  
and t h e  Block V and Voyager f l i g h t  r e s u l t s .  

Although t h e  science w a s  located 100 degrees 

One of t he  more d i f f i c u l t  problems w a s  how t o  

For t h i s  l a t t e r  problem TRWwas contracted t o  use t h e i r  Monte 
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1 .0  DESCRIPTION OF VOYAGER PLUME IMPINGEMENT PROBLEM 

To reduce s t r u c t u r a l  m a s s  and remain w i t h i n  a s p e c i f i e d  envelope 

i n s i d e  the  Centaur Shroud, t h e  Voyager TE-M-364-4 75.6 kN t h r u s t  s o l i d  

rocke t  motor w a s  pos i t ioned  wi th  i t s  e x i t  p lane  wi th in  40 cent imeters  of 

t h e  sc i ence  instrument  package. Even though t h e  sc i ence  w a s  loca ted  

100 degrees  away from t h e  nozz le  c e n t e r l i n e  t h e r e  w a s  s t i l l  concern t h a t  

f low from t h e  low v e l o c i t y  boundary l a y e r  i n  t h e  nozzle  would expand 

around t h e  l i p ,  f low backward and overheat  o r  contaminate t h e  i n s t r u -  

ment su r faces  (Fig.  1). The P r a n d t l  Meyer ang le  f o r  low mach number 

flow can exceed 150 degrees .  

Techniques have been developed t o  account f o r  t h e  expansion of t h e  

supersonic  boundary l aye r  bu t  very  l i t t l e  has  been done t o  c h a r a c t e r i z e  

t h e  ad jacen t  subsonic  po r t ion .  One reason  is  t h e  l a c k  of v a l i d  a n a l y t i -  

c a l  t oo l s .  Streamtube o r  Monte Carlo techniques could have been used t o  

eva lua te  t h e  Voyager conf igu ra t ion  bu t  no sof tware  w a s  a v a i l a b l e .  Hand 

c a l c u l a t i o n s  would have been too ted ious  and c o s t l y ,  and f u l l  s c a l e  

tes t  d a t a  w a s  ou t  of t h e  ques t ion  because of t h e  c o s t  of t h e  s o l i d r o c k e t  

motors and t h e  high vacuum requirements .  I n  add i t ion ,  no app l i cab le  

f l i g h t  d a t a  could be loca ted .  

"This paper p re sen t s  t h e  r e s u l t s  of one phase of r e sea rch  c a r r i e d  ou t  a t  
t h e  Jet  Propuls ion Laboratory,  C a l i f o r n i a  I n s t i t u t e  of Technology, under 
Contract  No. NAS 7-100, sponsored by t h e N a t i o n a l  Aeronautics and S p a c e  
Adminis t r a t ion. 
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Figure 1. Voyager Spacecraft Prior to Deployment 
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2.0 APPROACH 

2.1 Or ig ina l  P r e d i c t i o n s  

In  s p i t e  of t h e  d i f f i c u l t i e s  some estimates had t o  be made. The 

core  flow w a s  ca l cu la t ed  us ing  t h e  McDonald Douglas CONTAM program and 

t h e  boundary l a y e r  flow ca lcu la t ed  us ing  JPL's Back and Cuffe l  model. 

The r e s u l t s  of t h e  l a t te r  ind ica t ed  t h a t  a t  t h e  nozzle  e x i t  t h e  boundary 

l a y e r  w a s  about two cent imeters  t h i c k .  It included both subsonic  and 

supersonic  sublayers .  

I n  o rde r  t o  expand the plume t h e  subsonic po r t ion  of t h e  boundary 

l a y e r  w a s  replaced by a uniform, s o n i c  boundary l a y e r  wi th  equiva len t  

momentum f lux .  

A i r c r a f t  Company. The compositeplume w a s  then  expanded wi th  t h e  Lock- 

heed Method of C h a r a c t e r i s t i c s  Program. This  approach should s imula t e  

t h e  supersonic  boundary l a y e r  f a i r l y  w e l l  but does not model expansion 

of t h e  subsonic  boundary l a y e r .  

t h e  plume t h a t  o r i g i n a t e s  from t h e  subsonic  boundary l aye r .  

TE-M-364-4 motor t h i s  f low regime begins  approximately 100 degrees  

from t h e  nozz le  c e n t e r l i n e .  

p la t form is loca ted .  

This  i s  t h e  technique t h a t  has  been used by Hughes 

A s i g n i f i c a n t  unce r t a in ty  remains i n  

For t h e  

Unfortunately t h i s  is  where t h e  sc i ence  

For design purposes i t  w a s  assumed t h a t  beyond 100 degrees  t h e  

exponent ia l ly  decreas ing  mass f l u x  levels ou t  (Figs .  2 and 3). Ear ly  

d a t a  c o l l e c t e d  from a series of 0.44 N t h r u s t e r  tests i n  JPL's high  

vacuum MOLSINK f a c i l i t y  a l s o  ind ica t ed  a p l a t eau  bu t  i t  occurred 30 

degrees  beyond t h e  supersonic-subsonic boundary l i n e .  

a p l a t e a u  could occur  a t  h igh  angles  when widely spaced molecules 

c o l l i d e  i n  a random manner wi th  t h e  e x t e r i o r  s u r f a c e  of t h e  nozzle ,  

t h i s  is no t  considered l i k e l y .  

w a s  probably due t o  r e f l e c t i o n  o f f  t h e  ce l l  w a l l s .  Because of 

unce r t a in ty  

with a 100 degree p l a t eau ,  a 130 degree p l a t eau ,  and no p la teau .  

Although such 

The p l a t e a u  i n  t h e  MOLSINK r e s u l t s  

i n  how t o  i n t e r p r e t  t h e  test r e s u l t s  estimates were made 
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Figures  2 and 3 dep ic t  mass f l u x  and energy f l u x  vs. cone angle .  

The r e s u l t s  i nd ica t ed  t h a t  energy f l u x  on t h e  Voyager sc i ence  i n s t r u -  

ment package would approach 11.4 W/cm2 which w a s  f a r  i n  excess  of t h e  

.23 W/cm al lowable.  

t o  h e a t  t r a n s f e r  more d e t a i l e d  h e a t  t r a n s f e r  c a l c u l a t i o n s  were perform- 

ed. 

ca l cu la t ed  t o  equal  approximately 1. 

h e a t  t r a n s f e r  rates of 1.1 t o  4.5 W/cm and r a d i a t i v e  h e a t  t r a n s f e r  
2 of .ll - 1.1 W / c m  . Mass f l u x  w a s  p red ic t ed  t o  vary  between 0.003 - 

0.006 g/cm sec. No s i g n i f i c a n t  p a r t i c l e  contamination w a s  expected 

s i n c e  t h e  p a r t i c l e s  would no t  be a b l e  t o  t u r n  through t h e  h igh  

expansion angles  experienced by t h e  boundary l aye r .  

2 Since energy f l u x  r ep resen t s  only an  upper l i m i t  

Correc t ions  were made f o r  s l i p  flow s i n c e  t h e  Knudsen number w a s  

The r e s u l t s  i nd ica t ed  convect ive 
2 

2 

2.2 Plume Shield 

To p r o t e c t  aga ins t  p o t e n t i a l  overheat ing and contamination i t  

appeared as though a plume s h i e l d  would be requi red .  However, i t  soon 

became apparent  t h a t  t h i s  would be d i f f i c u l t  t o  design.  Addi t iona l  

da t a  w a s  requi red  t o  spec i fy  th i ckness ,  l o c a t i o n  and degree of wrap- 

around. The s h i e l d  had t o  be l igh tweight ,  f i t  w i t h i n  t h e  shroud and 

no t  i n h i b i t  t h e  sc ience  boom from l a t e r  deployment. It a l s o  had t o  

withstand t h e  plume and prevent  any s i g n i f i c a n t  f low around t h e  edges. 

The bui ldup of flow along t h e  plume s h i e l d  s u r f a c e  and t h e  amount t h a t  

would flow around t h e  edge of t h e  s h i e l d  had t o  be ca l cu la t ed .  

The m o s t  difficult problem w a s  c a l c u l a t i n g  t h e  bui ldup of flow 

Approximate techniques ind ica t ed  a l a r g e  boundary along t h e  s h i e l d .  

l a y e r  8 c m  o r  more i n  th ickness .  

around t h e  edge of t h e  s h i e l d  and impinge on t h e  sc i ence  instruments .  

This  slow moving gas  could t u r n  

To so lve  t h i s  problem a con t r ac t  w a s  l e t  with TKW to s imula te  t h e  

flow wi th  t h e i r  Monte Carlo program.' To v e r i f y  these  ,malyses  calorim- 

eters were incorpora ted  i n t o  two plume ins t ruments  and i n s t a l l e d  next  t o  

Sugimura, T. ,  Monte Carlo Flowfield Calcu la t ions  f o r  t h e  MJS-77 
-9 Plume F i n a l  Report ,  Contract  945381, TRW, (1977). 
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t h e  hea t  t r a n s f e r  t o  t h e  s h i e l d ,  t h e  flow around the  edges of t h e  s h i e l d  

and t h e  flow impinging on t h e  Black V instruments  could a l l  be ca lcu la-  

t e d  f a i r l y  w e l l  wi thout  any adjustment f o r  baseflow. 

ind ica t ed  t h a t  f low around t h e  edge of t h e  s h i e l d  decreased by a f a c t o r  

of 2.5 t o  3 f o r  every 10 degrees  of t u rn ing  angle  ( referenced from t h e  

upstream flow d i r e c t i o n ) .  Even a t  0 degrees  i t  appears as though t h e r e  

The r e s u l t s  a l s o  

i s  a s i g n i f i c a n t  a t t e n u a t i o n  c l o s e  t o  t h e  s h i e l d .  A t  no 

p red ic t ed  hea t  t r a n s f e r  behind the  Voyager s h i e l d  exceed 
2 

al lowable rate of 0.23 W/cm . 
2.5 Cor re l a t ion  wi th  F l i g h t  Resu l t s  

Cor re l a t ion  between t h e  Block V p red ic t ions  and the  

po in t  d id  t h e  

t h e  maximum 

f l i g h t  d a t a  

w a s  good. 

Figs.  2 and 3 and h e a t  t r a n s f e r  p r e d i c t i o n s  are summarized i n  Table 1. 

F l i g h t  r e s u l t s  are included f o r  comparison. 

i n  Figs. 6 and 7 and p e r t i n e n t  c a l i b r a t i o n  d a t a  are provided i n  Table 

The p red ic t ed  energy f l u x  and mass f l u x  is presented  i n  

F l i g h t  d a t a  are p l o t t e d  

2. 

The energy f l u x  w a s  p red ic t ed  t o  be approximately 81 W/sr o r  
2 1 7  W/cm . 

w a s  p red ic t ed  t o  be 2.3 W/cm a t  RT2. As i nd ica t ed  i n  Fig.  3 t hese  

hea t  t r a n s f e r  rates correspond t o  a m a s s  f l u x  of approximately 7 3  

kg/sec-sr o r  0.003 g/sec-cm . 
f l u x  a t  T 1 ,  T2 and T3. The convect ive h e a t  t r a n s f e r  rates a t  T2 and 

T1 were p red ic t ed  t o  be 0.23 W/cm 

t h e  flow d i r e c t i o n ,  h e a t  t r a n s f e r  on t h e  s t i n g e r  a t  T3 was expected 

t o  be neg l ig ib l e .  

Based on s l i p  flow condi t ions  t h e  convect ive h e a t  t r a n s f e r  
2 

2 Shie ld ing  should have reduced the  mass 

2 2 and 0.05 W/cm , r e spec t ive ly .  Due t o  

A s  can be observed t h e  convect ive hea t  f l u x  on RT1 and RT2 appears  

t o  be approximately h a l f  of what w a s  p red ic t ed .  Mass flow rate and 

energy f l u x  der ived from t h e  d a t a  appear t o  be one-fourth of what w a s  

p red ic ted .  Considering t h e  complexity of t h e  model t h i s  i s  good agree- 

ment. The c l o s e  agreement between RT1 and RT2 i n d i c a t e s  t h a t  r a d i a t i o n  

must be a f a c t o r  of t h r e e  o r  more below what w a s  p red ic ted .  I f  t h e r e  
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Lo cat ion 

RT 1 

RT 2 

T 2  

T 3  

C 

2 
W / C m  

C/sec 0 

3.23 

3.23 

1.51 

1.51 

0.61 

TABLE 2 

BLOCK V PLUME INSTRUMENT DATA 

dE /dT 
0 

(l°C> 

0.40 

0.40 

1.08 

1.08 

1.08 

0.129 

0.149 

0.016 

0.013 

0.040 

Notes : 

(dEo/dQIB - (dEo/dQ),, 
2 

C 
dEo / dT q =  

q = deduced heat transfer rate, W/cm 

c = calorimeter constant, w sec/OC cm 2 

-0.003 

-0.003 

-0.019 

-0.019 

-0.018 

2 W/ cm 

1.08 

1.25  

0.049 

0.044 

0.033 

dE /dT = sensitivity of the signal conditioning circuit output 
0 

to temperature change (in the region of interest), 1/OC 

dE /de = measured telemetered signal change rate, l/sec 

B - during 
PB - prior to burn 

0 
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was any significant radiation RT1 would have measured a higher heat 
transfer rate than 4T2, the black anodized surface of RT1 having an 

absorptance about three to six times greater than the polished 

aluminum surface on RT2. Finally the magnitude of the measurements 

of T1, T2 and T3 again indicate a mass flow rate approximately four 

times less than predicted. However, there is evidence (temperature 

rise rate of T3) that the flow was not aligned with the stinger axis, 
suggesting that there was mixing or turbulence in the flow. 

perhaps be from impingement on the instruments, 

This could 

Results later obtained on Voyager confirmed that the predictions 
were somewhat conservative. Temperatures on the plume shield rose at 

only moderate rates. Because of the configuration of the temperature 

sensors it is difficult to assess these measurements quantitatively. 
N o  anomalous behavior or damage to the science was observed. 

3.0 CONCLUSIONS 

The Block V flight data indicates that there is a significant 
0 amount of mass flow at angles as large as 90 . Calorimeters mounted 

20 to 30 cm away from the TE-M-364-15, 44.5 kN Solid Rocket Motor 

measured a convective heat transfer rate of about 1 W/cm 
ing to a mass flux of 0.00075 g/cm -see. 

classical boundary layer and method of characteristic solutions can 
be used. On Block V the measured convection was only half of that 
predicted, whereas energy flux and mass flow rate were about a fourth 

of what was predicted. At these large angles, this is considered 

fairly good agreement. The largest uncertainty is probably the 

boundary layer thickness. 

regime, there is a significant uncertainty in mass flux. Although 
new analytical tools should be developed, it is probably acceptable in 

the meantime to assume that mass flux continues to decay exponentially 

until 30 degrees beyond the supersonic-subsonic boundary layer point. 

2 

To predict these magnitudes, 

correspond- 
2 

Beyond the supersonic boundary layer flow 
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Nothing i n  t h e  f l i g h t  da t a  Qr a n a l y s i s  disapproves t h e  ex i s t ence  of 

p l a t eau  a t  h igh  angles.; but both seen t o  i n d i c a t e  t h a t  t h e r e  i s  no 

s i g n i f i c a n t  bui ldup of flow along the  Block V base o r  Voyager plume 

s h i e l d .  

Carlo a n a l y s i s ,  t h e  Block Y exper iaent  and by t h e  s a t i s f a c t o r y  

performance of t h e  Voyager plume s h i e l d .  

by a f a c t o r  of 2.5 t o  3 f o r  every 10 degrees  of t u rn ing  angle .  

The e f f i c a c y  of a plume s h i e l d  i s  confirmed by t h e  Monte 

Mass f l u x  can be reduced 
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